ABSTRACT The effect of the absence of potassium in the bathing solution on the synaptic inhibitory potentials of the crayfish stretch receptor has been studied.
An inhibitory impulse can cause either a repolarization or a depolarization in the stretch receptor cell of the crayfish (13) . The direction of the change is determined by the membrane potential level At one membrane potential, called the inhibitory equilibrium potential (i.e.p.), there is no appreciable change in the membrane potential due to an inhibitory impulse; thus the i.e.p, is the membrane potential at which the inhibitory synaptic potential changes sign. A similar phenomenon has been found in the crustacean neuromuscular junction (8) , in the mammalian spinal cord (5) , and in the atrium of the dog heart in the presence of acetylcholine (16) . Fatt and Katz (8) suggested that the inhibitory potential is a shift of the membrane potential towards a level determined by the concentration gradient of K + a n d / o r C1-across the membrane. In support of this is the evidence of Coombs, Eccles, and Fatt (5) that the inhibitory equilibrium level of spinal motoneurons can be altered by injecting K +, CI-, Br-, NO~-, and S C N -ions. Trautwein and Dudel (16) have shown that the equilibrium potential of the atrium of the dog heart in the presence of acetylcholine is dependent on the external K + level. O n the other hand, Boistel and Fatt (3) find that the action of the inhibitory transmitter on crustacean muscle seems to be largely an increase in permeability to C1-.
The experiments reported here, on inhibition in the crayfish stretch re-ceptor in the presence and absence of K +, show t h a t the i n h i b i t o r y process in this nerve cell involves a specific permeability change to that ion.
M e t h o d s
The lateral receptor (slow) of the 8th segment of the freshwater crayfish Procambarus darkii (Girard) and Orconectes virilis (Hagen) was used. This is very similar to the stretch receptor organ in Homarus and Palinurus described anatomically by Alexandrowiez (1, 2). The adjacent medial (fast) receptor was dissected out also. The slow receptor muscle was held in movable forceps permitting easy control of the degree of stretch. The receptor muscle and sensory cell body were immersed in a large volume of crustacean solution (9) which was covered by paraffin oil. The nerve to the fast receptor was drawn up into the paraffin on one stimulating electrode; the other stimulating electrode was in the fluid. The inhibitory axon supplying the slow receptor cell branches and innervates the nearby fast receptor cell; therefore stimulation of the inhibitory nerve to the fast receptor cell inhibits the slow nerve cell by axon reflex (I 3). The long sensory nerve to the receptor was placed on a recording electrode in the paraffin layer, and the other recording electrode was in the saline bath. The two electrodes were connected to the output of a differential D.c. amplifier and recorded potential changes at the paraffin-saline interface, which was about I ram. from the cell body and several millimeters from the electrode on the nerve. Under these recording conditions, the potential change due to sources at or near the cell body will be recorded with nearly the same time course as would be found by a microelectrode inserted into the axon at the oil-solution interface.
To measure the change in membrane potential, the chamber described by Kuffler and Edwards (12) was used. This permitted a D.C. measurement of the direction, but not the absolute magnitude, of the potential change.
Before changing solution the nerves were removed from the electrodes and the forceps were approximated, so that the nerve and muscle formed a small blob. The solution was drained, the vessel refilled with the test solution, and the preparation was restored to the usual recording conditions. On placing the preparation directly in "K+-free '' solution a prolonged sensory discharge was initiated. However, if the preparation was first bathed in solution containing one-half of the normal K +, this could frequently be prevented. The experiments were carried out at room temperature (19-22°C.).
R E S U L T S
T h e processes of excitation of the stretch receptor nerve cell have been investigated using intracellular recording by E y z a g u i r r e a n d Kuffler (7) . Stretch of the r e c e p t o r sets up in the dendrites a generator potential which spreads to the cell b o d y a n d axon. W h e n e v e r the generator potential reaches the firing level, a c o n d u c t e d action potential is set up which t h e n travels centrally. After the cell recovers f r o m the rapid action potential its potential returns to a level near to that of the resting state. From this level (called the undershoot level) the generator potential is again set up if stretch is maintained. These events in the sensory cell were faithfully recorded if the solution-paraffin meniscus was near to the cell body (Fig. 1 A) . If the meniscus was progressively moved away from the cell body, the recorded size of the generator potential decreased, due to electrotonic decrement.
Under the present recording conditions the firing level and the undershoot level were fairly constant, independent of the degree of stretch, up to a frequency of about 20/sec. (Fig. 1 B) . Therefore the equilibrium level of the inhibitory potential can be measured relative to the firing level and/or the undershoot level. Any change relative to them would indicate a change in the value of the inhibitory equilibrium potential.
The effect of potassium-free solutions on the inhibitory potential is clearly seen in the quiescent receptor cell. In normal solution, which contains 5.3 mM/liter potassium, a train of inhibitory impulses set up a small repolarization toward the inhibitory equilibrium level (Fig. 2 A and 2 C) . In the absence of potassium ions in the bathing solution, the same train set up a much larger FIGURE l. Potential changes recorded near cell body during stretch of receptor (increasing frequency) and relaxation (decreasing frequency). A, spike potentials and a small generator potential. B, higher gain; the spike potentials are not seen, and only the generator potential is recorded. Note that the firing level and undershoot level are not altered by stretch. Voltage calibration, 0.1 my.; time, 1 second. potential (Fig. 2 B) . Similarly in a stretched, discharging cell, in the absence of potassium, the train of inhibitory impulses drove the potential below the undershoot level of the cell; in the presence of the control concentration ot potassium the inhibitory equilibrium was close to the undershoot level. In other experiments, it has been found that in the absence of potassium the potential of the cell is increased, and that along with this increase the inhibitory potentials changed as just described (see also reference 12). The in-
crease in the absence of potassium is expected from results on other cells (see review by Hodgkin (11)). Thus although the resting potential increased in the absence of potassium, the inhibitory equilibrium level must have increased still more; i.e., become more negative, to account for the increase in size of the inhibitory potential. The magnitude of the shift of the inhibitory equilibrium level under the present recording conditions is not significant because of the unknown amount of shunting present. The magnitude of the shift can be estimated, however, by comparing it to the generator potential, whose size has been measured with intracellular electrodes (7). If we assume that the normal generator potential is about 10 mv., the shift of the inhibitory equilibrium level in the experiment shown was about 9 mv. In four other experiments in which the shifts were estimated in this manner, the values were 5, 9, 9, and 12 my.
D I S C U S S I O N
According to current thought the resting membrane potential is largely determined by the potassium ion distribution but partly by the chloride distribution and only slightly by sodium (cf. reference 11 and Fig. 3 ). In the initial phase of the action potential an increased permeability to sodium ions brings the membrane potential close to the equilibrium potential for sodium across the membrane. Following this a high conductance to potassium ions returns the membrane potential to the resting o r undershoot level. On the other hand, the inhibitory potential is presumably due to an increased permeability to potassium and/or chloride ions. Since the potassium and chloride equilibrium levels are near to the resting potential in physiological solution, the inhibitory equilibrium level likewise should be near the resting level.
In the complete absence of potassium in the external solution, it is difficult to define the potassium equilibrium potential. In the solutions used, the potassium level was not determined, but if we assume that the level of potassium was ball the maximum of the amount permitted by American Chemical Society specifications in the sodium chloride used, the concentration would be just under 10 -5 M/liter. The actual level may have been somewhat higher if a few drops of the complete bathing solution remained in the chamber.
On withdrawal of potassium the resting potential of the nerve cell of the stretch receptor increases, but the absolute value of this increase has not been measured. In cells in which the absolute value of this increase is known, it is less than predicted on the basis of the resting membrane potential being a potassium equilibrium potential. The divergence is apparently due to the dependence of the membrane potential on the chloride and sodium concentration gradients. Consequently, in the absence of potassium the resting membrane potential is much farther from the potassium equilibrium potential than in its presence. Thus the increase in the difference between the resting level and the inhibitory equilibrium level in the absence of potassium is consistent with the assumption that the potential during the inhibitory process is more dependent on the potassium distribution than at rest. That is, even though the chioride permeability may increase during inhibition, the potassium permeability must increase by a larger factor. Therefore, substitution of an inert anion for chloride in the external medium will displace the inhibitory equilibrium level by only a relatively small amount and the displacement wiU not be easily demonstrable by the experimental approach used here. In the preliminary stages of the present work several anions, when substituted for chloride, were found to shift the inhibitory equilibrium level, and this was interpreted as suggesting that chloride played a role in the inhibitory potential (Edwards and Kuffier (6); referred to by Shanes (14)). However, it was later found that substitution of these anions hyperpolarized the cell (Kuffier and Edwards (12) and unpublished data). If these added anions were merely inert substitutes for chloride, there should have been a depolarization. In view of this finding, as well as the present finding as to the relative dependence of the inhibitory potential on potassium, the anion effects cannot be interpreted as indicating a role for chloride in the inhibitory potential. Boistel and Fatt (3) have shown that at the crustacean neuromuscular junction, the conductance change during inhibitory nerve stimulation involves chloride and not potassium. The evidence of Coombs et al. (5) based on injection of various anions into spinal motoneurons indicates that chloride is involved in the inhibitory process in that cell. There is considerable evidence in the heart that potassium ions move during inhibition (e.g. 4, 10, 16). There is, however, no evidence concerning the role of chloride.
An alternate explanation for the potassium ion effect on the inhibitory potential would be a decrease in the permeability to chloride and possibly sodium during the inhibitory process. However, it has been shown that inhibition is accompanied by an increased membrane conductance in the stretch receptor cell (13) , at the crustacean neuromuscular junction (8) , and in the frog heart (15, 16) .
The size of the generator potential increased in the absence of potassium, which presumably means that the absolute shift in the firing level is less than the shift in the resting level. This increase, apparent in Fig. 2 , is much less than the increase in size of the inhibitory potential. Thus the increase in size of the inhibitory potential measured from the undershoot level is not due to scaling of the various potential levels.
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